ABSTRACT Y chromosomes originate from ordinary autosomes and degenerate by accumulating deleterious mutations. This accumulation results from a lack of recombination on the Y and is driven by interference among deleterious mutations (Muller's ratchet and background selection) and the fixation of beneficial alleles (genetic hitchhiking). Here I show that the relative importance of these processes is expected to vary over the course of Y chromosome evolution due to changes in the number of active genes. The dominant mode of degeneration on a newly formed gene-rich Y chromosome is expected to be Muller's ratchet and/or background selection due to the large numbers of deleterious mutations arising in active genes. However, the relative importance of these modes of degeneration declines rapidly as active genes are lost. In contrast, the rate of degeneration due to hitchhiking is predicted to be highest on Y chromosomes containing an intermediate number of active genes. The temporal dynamics of these processes imply that a gradual restriction of recombination, as inferred in mammals, will increase the importance of genetic hitchhiking relative to Muller's ratchet and background selection. Y chromosomes are unusual relative to the rest of the genome, since they carry few functional genes and accumulate repetitive DNA (Skaletsky et al. 2003; Carvalho and Clark 2005) . Sex chromosomes arose independently in several different taxa from ordinary autosomes, and the Y chromosome degenerates over evolutionary time due to its lack of genetic recombination (Charlesworth 1996; Rice 1996) . Thus, Y chromosomes have been important case studies for understanding the evolutionary significance of sex and recombination (Charlesworth 1996; Rice 1996; Barton and Charlesworth 1998) . Several evolutionary models have been proposed to account for the loss of functional genes on a nonrecombining Y chromosome (Charlesworth 1996; Rice 1996) The change in gene number over the course of Y chromosome evolution implies that chromosomewide mutation rates to beneficial (U a ) and deleterious (U d ) alleles change accordingly. Given g active genes on a proto-Y chromosome and rates per gene for advantageous (u a ) and deleterious (u d ) mutations, chromosomewide mutation rates will be U a ¼ g 3 u a and U d ¼ g 3 u d . The inactivation of Y-linked genes over time (i.e., a decline in g) will result in a gradual decline in both U a and U d . Corresponding changes in rates of degeneration caused by Muller's ratchet, background selection, or genetic hitchhiking, and their relative importance, are complex. Here I study the relative contributions and dynamics of simple models of Muller's ratchet, background selection, and genetic hitchhiking over evolutionary time to the decay of a nonrecombining Y chromosome. In particular, I explore a genetic hitchhiking model with fixed selection coefficients for both beneficial and deleterious mutations, a simple model of Muller's ratchet with constant selection coefficients against deleterious mutations, and a background selection model with two categories of deleterious mutations (large-and small-effect mutations, each of uniform size). These considerations are helpful in detailing the temporal dynamics of these models and their sensitivity to various underlying population parameters. In addition, I also present some simulation results on the rate of degeneration under Muller's ratchet with a distribution of selection coefficients, and I explore the joint action of Muller's ratchet and genetic hitchhiking, to gain intuitions on more complex scenarios of Y degeneration over time.
Y chromosomes are unusual relative to the rest of the genome, since they carry few functional genes and accumulate repetitive DNA (Skaletsky et al. 2003; Carvalho and Clark 2005) . Sex chromosomes arose independently in several different taxa from ordinary autosomes, and the Y chromosome degenerates over evolutionary time due to its lack of genetic recombination (Charlesworth 1996; Rice 1996) . Thus, Y chromosomes have been important case studies for understanding the evolutionary significance of sex and recombination (Charlesworth 1996; Rice 1996; Barton and Charlesworth 1998) . Several evolutionary models have been proposed to account for the loss of functional genes on a nonrecombining Y chromosome (Charlesworth 1996; Rice 1996) , but their dynamics and relative importance over the course of Y chromosome evolution have not yet been studied.
Here, I investigate the temporal dynamics of three different models of Y chromosome degeneration : Muller's ratchet, which involves the stochastic loss of the class of Y chromosomes carrying the fewest number of deleterious mutations from a finite population (Charlesworth 1978; Gordo and Charlesworth 2000) ; background selection, which refers to the reduction in the effective population size (N e ) of Y chromosomes due to the elimination of strongly deleterious mutations, resulting in an accelerated fixation of weakly deleterious mutations (Charlesworth 1996) ; and genetic hitchhiking, in which beneficial mutations drag along to fixation any deleterious mutations they are initially associated with (Rice 1987; Bachtrog and Gordo 2004) .
Models of Y chromosome degeneration depend critically on several properties of advantageous and deleterious mutations, such as their rates of occurrence or their effects on fitness (Charlesworth 1978; Rice 1987; Stephan et al. 1993; Charlesworth 1996; Gordo and Charlesworth 2000; Bachtrog and Gordo 2004) . These considerations are particularly important when evaluating the relative importance of these models because the number of active genes, and thus potential targets for deleterious and beneficial mutations, decreases over the course of Y chromosome evolution; a newly formed Y chromosome might contain several thousand genes (Bachtrog 2005) , while few active genes remain on ancient degenerated Y's (Skaletsky et al. 2003; Carvalho and Clark 2005) . The change in gene number over the course of Y chromosome evolution implies that chromosomewide mutation rates to beneficial (U a ) and deleterious (U d ) alleles change accordingly. Given g active genes on a proto-Y chromosome and rates per gene for advantageous (u a ) and deleterious (u d ) mutations, chromosomewide mutation rates will be U a ¼ g 3 u a and U d ¼ g 3 u d . The inactivation of Y-linked genes over time (i.e., a decline in g) will result in a gradual decline in both U a and U d . Corresponding changes in rates of degeneration caused by Muller's ratchet, background selection, or genetic hitchhiking, and their relative importance, are complex. Here I study the relative contributions and 1 dynamics of simple models of Muller's ratchet, background selection, and genetic hitchhiking over evolutionary time to the decay of a nonrecombining Y chromosome. In particular, I explore a genetic hitchhiking model with fixed selection coefficients for both beneficial and deleterious mutations, a simple model of Muller's ratchet with constant selection coefficients against deleterious mutations, and a background selection model with two categories of deleterious mutations (large-and small-effect mutations, each of uniform size). These considerations are helpful in detailing the temporal dynamics of these models and their sensitivity to various underlying population parameters. In addition, I also present some simulation results on the rate of degeneration under Muller's ratchet with a distribution of selection coefficients, and I explore the joint action of Muller's ratchet and genetic hitchhiking, to gain intuitions on more complex scenarios of Y degeneration over time.
MATERIALS AND METHODS
Theoretical approximations: All population parameters for deleterious and beneficial mutation models of Y chromosome degeneration are given in Table 1 . Assuming a population of Y chromosomes of size N e , with g active genes, mutations of effects s d , s d,weak , and s a occur at rates u d , u d,weak , and u a per gene per generation. Multiplicative fitness effects are assumed among mutations (see Table 1 for fitness functions).
Under Muller's ratchet, the rate of degeneration, K MR , depends on the speed at which the class of Y chromosomes with the least number of deleterious mutations (the n 0 class) is lost from the population by genetic drift. At equilibrium, the size of this class is n 0 ¼ N e expðÀðu d g =s d ÞÞ, and the rate of the ratchet depends on n 0 in a complex manner (Gessler 1995; Gordo and Charlesworth 2000) . I modify Equations 3a and 3b from Gordo and Charlesworth (2000) to calculate the speed of the ratchet
and using the shifted Poisson distribution as proposed by Gessler (1995) if n 0 s d , 1, while assuming that each fixation of a deleterious mutation reduces the number of active genes g by one.
Background selection was first described as the effect of recurrent deleterious mutations on levels of linked neutral variability (Charlesworth et al. 1993) but has since been extended to consider the effect of strongly deleterious mutations on linked weakly deleterious mutations (Charlesworth 1994) . The rate of accumulation of weakly deleterious mutations under background selection, K BS , depends on the relative reduction in the effective population size of Y chromosomes caused by strongly deleterious mutations ½ f 0 ¼ exp ðÀðu d g =s d ÞÞ and on mutation parameters for weakly selected, effectively neutral mutations. Note that very weakly deleterious mutations are also expected to accumulate by genetic drift on the X chromosomes or on autosomes; the rate of accumulation, however, can be substantially increased on a nonrecombining Y chromosome, due to its markedly smaller effective population size caused by selection against strongly deleterious mutations (i.e., background selection). K BS can be calculated following Charlesworth (1996) as K BS ¼ 2f 0 N e s d;weak u d;weak g =ðexpð2f 0 N e s d;weak Þ À 1Þ. I track the reduction in the number of active genes on the Y by decreasing g, if the number of weakly deleterious mutations within a gene is larger than a set value of n_acc (i.e., n_acc is the number of weakly deleterious mutations necessary to inactive a gene). The number of inactivated genes is calculated by assuming that the weakly deleterious mutations are Poisson distributed among genes and calculating the number of genes in the classes n_acc or larger.
Under genetic hitchhiking, the rate of degeneration, K GH , depends on the rate of adaptation and the probability that a beneficial mutation drags along a deleterious allele to fixation (Johnson and Barton 2002; Bachtrog and Gordo 2004) . K GH can be calculated following Bachtrog and Gordo (2004) as K GH ¼ N e u a g P kmax k¼1 kf k 2ðs a À ks d Þ, where f k is the frequency of individuals with k deleterious mutations, given by a Poisson distribution with mean u d g =s d , and
, assuming that only beneficial mutations whose net effect is bigger than the combined deleterious effects on that chromosome can contribute to adaptation. As for the Muller's ratchet model, the fixation of a deleterious mutation is assumed to reduce g by 1.
Simulation methods: A haploid, nonrecombining population of N e individuals was simulated, assuming the following life cycle: mutations, reproduction, and selection. In each generation, individuals were sampled randomly with replacement from the previous generation. Gametes were subject to mutations according to a Poisson distribution of mean U (U ¼ g 3 u a for beneficial mutations, U ¼ g 3 u d for deleterious mutations, and U ¼ g 3 u d,weak for weakly deleterious mutations). Multiplicative fitness effects are assumed among mutations (see Table 1 for fitness functions), and individuals are assigned probabilities of survival according to their fitness. A new generation of N e individuals is constructed by comparing the probability of survival of each individual with a pseudorandom number drawn from a uniform distribution in the interval ½0, maximum fitness. Each generation, the numbers of beneficial, deleterious, and weakly deleterious mutations in every individual were counted, to determine the number of fixed mutations of each class. If a deleterious mutation of effect s d fixes in the population, the number of active genes g was reduced by one. For mutations of effect s d,weak , I assume that n_acc deleterious mutations are necessary to inactivate a gene. Each generation, the expected number of genes containing n_acc or more weakly deleterious mutations was drawn from a Poisson distribution and used to calculate the number of active genes g remaining on the Y. To calculate the rate of degeneration (i.e., the number of genes inactivated per generation), the average of at least three independent simulations was taken. C code to carry out these simulations is available on request.
RESULTS
Temporal dynamics under Muller's ratchet: Under Muller's ratchet, the expected time to loss of the class of Y chromosomes with the least number of deleterious mutations (the inverse of the rate of degeneration) depends on the following parameters (Stephan et al. 1993; Gessler 1995; Gordo and Charlesworth 2000; see Table 1 ): the effective number of Y chromosomes (N e ), the deleterious mutation rate per gene (u d ), the effect of each deleterious mutation on fitness (s d ), and the number of active genes (g). Each loss of the class of Y chromosomes with the minimum number of deleterious mutations (a click of Muller's ratchet) is associated with the fixation of a deleterious mutation in the entire population (Charlesworth and Charlesworth 1997) . Here I assume that such a fixation reduces the number of active genes by one (an assumption that influences the rate of degeneration, but only weakly affects the total number of genes ultimately lost, see below). Figure 1A shows the theoretical expectation and results from forward simulations for the rate of degeneration and the fraction of active genes remaining over the course of 50 million generations of Y chromosome evolution, starting with a Y containing 2000 active genes (the value expected for a typical Drosophila autosomal element). On a nascent, gene-rich Y chromosome, degeneration by Muller's ratchet is maximized, due to the large number of functional genes (i.e., large U d ). Once deleterious mutations that inactivate genes start to accumulate on the Y, however, the speed of Muller's ratchet declines rapidly. Thus, while degeneration by Muller's ratchet probably is an important process on young, gene-rich Y chromosomes, its contribution diminishes over time. For the parameters considered, Muller's ratchet becomes exceedingly slow on older Y chromosomes containing few genes and is unlikely to account for the almost complete loss of active genes observed on ancient Y chromosomes (Skaletsky et al. 2003; Carvalho and Clark 2005) .
Temporal dynamics under background selection: Degeneration of a proto-Y chromosome by background selection depends on an interaction between two types of deleterious mutations (Charlesworth 1994 (Charlesworth , 1996  see Table 1 ): mutations with large effects on fitness (s d ) that cause the background selection effect (which is a reduction, f 0 , in the effective population size, N e , of Y chromosomes) and mutations with weak fitness effects ½s d;weak , 1=ðN e 3 f 0 Þ that accumulate by random genetic drift as a result of the reduced population size, causing degeneration. The fact that the (strongly deleterious) mutations causing the accumulation of weakly deleterious mutations fail to accumulate themselves distinguishes the background selection model from Muller's ratchet. Strongly and weakly deleterious mutations are assumed to occur at a rate u d and u d,weak per gene, respectively. The reduction in N e (i.e., f 0 ) depends on u d , s d , and g, with a higher mutation rate U d resulting in a larger reduction (Charlesworth 1994) . The weakly deleterious mutations accumulating under background selection are probably too weak to individually knock out gene function; instead I assume that a gene becomes nonfunctional if it accumulates 10 such mutations. As with Muller's ratchet, this assumption influences the rate of degeneration, but only weakly affects the total number of genes degenerated (see below). Figure 1B shows simulation results and the theoretical expectation of the rate of mutation accumulation of weakly deleterious mutations under background selection (Charlesworth 1994 (Charlesworth , 1996 . Similar to Muller's ratchet, degeneration under the background selection model is fastest on a young, gene-rich Y chromosome. As mutations accumulate and inactivate genes, degeneration by background selection slows down, not only because U d,weak (¼ u d,weak 3 g) decreases, but also because f 0 increases (since U d decreases). In particular, as the scaled intensity of selection increases (i.e., N e 3 f 0 3 s d,weak ? 1), purifying selection will eventually become efficient enough to prevent the further fixation of slightly deleterious mutations on the Y. Thus, the rate of mutation accumulation by this process is also predicted to abruptly decline over time ( Figure 1B ).
The theoretical predictions of the rate of degeneration under background selection substantially underestimate the simulation results. An assumption in the model is that weakly deleterious mutations are independent (Charlesworth 1996) , which holds reasonably well as long as the weakly deleterious mutations are very close to neutral (i.e., N e 3 f 0 3 s d,weak , 1). However, if the intensity of selection on these mutations is appreciable (due to an increase in f 0 ), this assumption breaks down and deleterious mutations continue to accumulate in a Muller's ratchet-like manner ( Figure  1B ). Thus, once enough genes are inactivated on the Y chromosome, the background selection model essentially transforms into a Muller's ratchet-like model, with the strongly deleterious mutations causing a reduction in the effective population size, and weakly deleterious mutations accumulating by Muller's ratchet (Gordo and Charlesworth 2001) . The rate of degeneration observed in the simulations is well predicted by considering the joint effects of background selection and Muller's ratchet in a population of size N e 3 f 0 ( Figure  1B ; see Gordo and Charlesworth 2001) . Thus, the 
a N e is the number of Y chromosomes in the population, g is the number of active genes on the Y, u d is the mutation rate to deleterious mutations per gene with an effect on fitness of s d , u d,weak is the mutation rate to weakly deleterious, nearly neutral mutations per gene with an effect on fitness of s d,weak , and u a is the mutation rate to beneficial mutations per gene with an effect on fitness of s a .
b w is the fitness of an individual, k is the number of deleterious mutations of an individual with effect s d , n is the number of deleterious mutations of an individual with effect s d,weak , and m is the number of beneficial mutations of an individual with effect s a . Figure 1. -The rate of Y chromosome degeneration (i.e., the number of genes inactivated by deleterious mutations per generation) and the fraction of functional genes remaining over time, under different models of Y chromosome degeneration. Theoretical expectations are based on equations described in materials and methods, while the observed points (1) are from computer simulations. A Y chromosome initially carries g ¼ 2000 active genes in a population of N e ¼ 10,000 chromosomes. The total mutation rate per gene u is assumed to be 5 3 10 À5 , which corresponds to an initial chromosomewide mutation rate of 0.1. Selection coefficients were varied, according to the model studied. (A) Muller's ratchet: Deleterious mutations of effect s d ¼ 1.5% are modeled. (B) Background selection: 90% of the mutations are assumed to be strongly deleterious (s d ¼ 3%) and cause a reduction in the effective population size (f 0 ¼ 0.05) but do not accumulate on the Y chromosome. The remaining 10% of mutations are weakly deleterious (s d,weak ¼ 0.15%) and cause degeneration. Ten such weakly deleterious mutations are assumed to be required to inactivate a gene (see Figure 2) . The blue theory line models mutation accumulation by the joint action of background selection and Muller's ratchet in a population of size N e 3 f 0 . (C) Genetic hitchhiking: Deleterious mutations of effect s d ¼ 3.5% are modeled. Beneficial mutations of effect s a ¼ 6% are assumed to occur at a fraction 10 À5 of the total mutation rate.
rate of mutation accumulation under this model also decreases sharply over time and it is less important on old Y chromosomes.
Temporal dynamics under genetic hitchhiking: The genetic hitchhiking model of Y chromosome degeneration requires an interaction between beneficial and deleterious mutations, with the former having greater effects on fitness on average than the latter (i.e., s a . s d ; see Rice 1987; Johnson and Barton 2002; Bachtrog and Gordo 2004) . Beneficial and deleterious mutations occur at rates u a and u d per gene on a chromosome with g active genes, in a population of size N e (Table 1) . Under the hitchhiking model, the rate of degeneration depends on the number of beneficial mutations arising each generation (N e 3 u a 3 g) and on the probability that a beneficial mutation will go to fixation and drag along linked deleterious mutations (which depends on s a , s d , u d , and g; see Rice 1987; Johnson and Barton 2002; Bachtrog and Gordo 2004) . As for the Muller's ratchet model, I assume that the fixation of at least one deleterious mutation inactivates a gene. The relationship between degeneration by genetic hitchhiking and the number of active genes on the Y is complex due to opposing interactions between positively and negatively selected mutations (Orr 2000; Bachtrog and Gordo 2004 ; see Figure 1C ). The chromosomal beneficial mutation rate U a is largest on a gene-rich, young Y chromosome. Thus, the rate of adaptation (and hitchhiking) is predicted to be high. On young Y chromosomes, however, U d is also maximized. This implies that many deleterious mutations segregate in the population, and Y chromosomes typically carry multiple deleterious alleles (Orr 2000; Bachtrog and Gordo 2004) . Thus, most beneficial alleles might not confer a net fitness advantage in the population since they occur on Y chromosomes containing several deleterious mutations. In this case, the rate of adaptation (and genetic hitchhiking) is reduced on a young Y chromosome. As genes begin to degenerate, both U a and U d decrease; fewer beneficial mutations arise, but a higher fraction will occur on chromosomes where they have a net fitness benefit (Orr 2000) . Therefore, the rate of adaptation and the corresponding fixation of deleterious mutations may increase temporarily ( Figure 1C ). On older Y chromosomes, adaptation and hitchhiking of deleterious mutations slow down. Since the rate of adaptation depends linearly on U a , even degenerate Y's continue to adapt and the process slows down less abruptly than that in deleterious mutation models ( Figure 1C) . Thus, while degeneration by genetic hitchhiking may proceed slowly on gene-rich, young Y chromosomes (due to interference with deleterious mutations), hitchhiking is most important on Y chromosomes of intermediate age and may be the only mode of selection that is able to account for the almost complete loss of gene function observed on many old Y chromosomes (Skaletsky et al. 2003; Carvalho and Clark 2005) .
Dependence on model parameters:
In what follows, I use theoretical approximations described in materials and methods to quantify the dependence of the different processes of Y chromosome degeneration on their underlying parameters. To investigate the influence of a particular parameter, I use the same parameter values as in Figure 1 , but vary the one parameter of interest.
Number of mutations required to inactivate a gene (n_acc): In Muller's ratchet and the genetic hitchhiking simulations, I assume that a single deleterious mutation inactivates a gene. If multiple mutations are required to render a gene nonfunctional, the rate of degeneration decreases under each process of Y chromosome degeneration (Figure 2) . In particular, if many mutations are required to inactivate a gene, deleterious mutations accumulate on the Y chromosome over the first few million generations at many genes (i.e., the mean number of deleterious mutations per gene steadily increases), but few genes are rendered nonfunctional initially. Genes start to become inactivated later and the rate of degeneration is slower for larger values of n_acc ( Figure  2) . However, over long evolutionary time periods, the fraction of genes remaining on the Y chromosome is similar for different values of n_acc (Figure 2) . Thus, while the number of mutations required to inactivate a gene will influence the rate of degeneration, it will have little effect on the fraction of active genes remaining on the Y.
Effective population size (N e ): The rate of degeneration resulting from Muller's ratchet and background selection declines with increasing population size, while the rate of degeneration caused by genetic hitchhiking increases with increasing population size (Figure 3) . Thus, degeneration by genetic hitchhiking is more important in larger populations, relative to Muller's ratchet and background selection.
Number of active genes initially present on the Y chromosome (g): The rate of degeneration resulting from Muller's ratchet and background selection is predicted to be a monotonically decreasing function of the number of genes originally present on the Y chromosome (Figure 4) . In contrast, the rate of degeneration caused by genetic hitchhiking is maximized for an intermediate number of active genes (g max ). If a Y chromosome contains more genes, the rate of degeneration due to genetic hitchhiking increases initially until g max and then decreases thereafter. If the Y initially contains fewer than g max genes, the rate of degeneration due to hitchhiking monotonically decreases with the number of active genes. While Muller's ratchet and background selection will essentially not operate on very gene-poor Y chromosomes, degeneration due to genetic hitchhiking can continue on Y's containing only few genes. This implies that if recombination between the nascent sex chromosomes is restricted gradually, involving a subset of genes at a time on a Y chromosome (as has been posited for Y chromosomes in several taxa), the relative contribution of genetic hitchhiking to Y degeneration increases (see discussion below). For similar reasons, genetic hitchhiking is also predicted to be the dominant process on old, gene-poor Y chromosomes, relative to Muller's ratchet or background selection.
Deleterious selection coefficients (s d and s d,weak ): For all three models of Y chromosome degeneration, the rate of degeneration increases with decreasing selection coefficients ( Figure 5 ). Under the background selection model, decreasing s d decreases f 0 and thus reduces the effective population size of Y chromosomes (increasing the effect of genetic drift). Decreasing s d,weak increases the probability of fixation of the weakly deleterious mutation. Note, however, that with decreasing s d or s d,weak , the effect of these mutations on fitness decreases as well. Thus, multiple mutations might become necessary to inactivate genes if fitness effects are smaller (see above for the effect of n_acc). Note that genetic hitchhiking is the only model that can drag very strongly deleterious mutations (s d . 3.5% for the parameters considered here) to fixation. On old Y chromosomes, remaining genes often lack X-linked homologs (because they are either recruited from elsewhere or have long since diverged in function). Thus, negative selection models are predicted to be less important on older Y's, since mutations that occur in genes that lack Xlinked homologs are probably more strongly deleterious (since mutations are hemizygous and thus always visible to selection).
Beneficial selection coefficients (s a ) and the fraction of newly arising mutations that are beneficial (f): The rate of degeneration by genetic hitchhiking increases with increasing the selection coefficients for beneficial mutations ( Figure 6A ) or with increasing the fraction of newly arising mutations that are beneficial ( Figure 6B ). Thus, genetic hitchhiking is more important if beneficial mutations are strong and frequent (i.e., higher rates of adaptation).
Distribution of selection coefficients: In all analyses above, I have modeled discrete selection coefficients, instead of a distribution. No theoretical approximation has been obtained for the speed of any of these models considered for a distribution of selection coefficients. To investigate the effect of a distribution of selection coefficients, I performed forward simulations, modeling two classes of deleterious mutations (s d,strong ¼ 1.5% and s d,weak ¼ 0.5%) that both can accumulate on a Y chromosome by Muller's ratchet. Assume a mutation rate of u d ¼ 5 3 10 À5 /gene and 2000 active genes initially (i.e., a chromosomewide mutation rate U d ¼ 0.1). Mutations of effect s d,strong occur at rate f strong 3 u d and mutations of effect s d,weak occur at rate f weak 3 u d . I model both classes of deleterious mutations simultaneously (f strong ¼ 0.5 and f weak ¼ 0.5) and compare these to simulations with strong or weak mutations modeled in isolation (i.e., f strong ¼ 1 or f weak ¼ 1). Simulations modeling only the weak mutations render a larger fraction of genes nonfunctional than modeling only the strong ones ( Figure 7A ). The amount of degeneration caused by two types of deleterious mutations simultaneously lies in between the amount of degeneration caused by considering each class separately ( Figure 7A ). Figure 7B shows the rate of degeneration caused by the strongly and weakly deleterious mutations if occurring simultaneously (in red), using the parameters above. The simulation results shown in black depict simulations of the two types of deleterious mutations separately, but assuming only half the mutation rate for each class of mutations (i.e., u d ¼ 2.5 3 10 À5 /gene). Thus, for a given total mutation rate, the amount of degeneration resulting from a distribution of selection coefficients will always be less than that using a single value of s d that maximizes degeneration.
Muller's ratchet and genetic hitchhiking in concert: Clearly, processes underlying Y chromosome degeneration do not act in isolation. Deleterious mutations can accumulate on a Y chromosome due to the simultaneous action of Muller's ratchet and genetic hitchhiking, if deleterious mutations are weak enough to accumulate by Muller's ratchet, and s a . s d . The rate of degeneration due to the combined action of these processes can be estimated by summing up the rates of degeneration caused by Muller's ratchet and by genetic hitchhiking (Bachtrog and Gordo 2004) . Figure 8 shows the rate of degeneration and the fraction of genes remaining over time, on a Y chromosome where deleterious mutations can accumulate both by Muller's ratchet and by genetic hitchhiking. Similar to considering these forces in isolation, Muller's ratchet is most important in the early stages of Y chromosome degeneration (i.e., Muller's ratchet essentially stops operating after 1 million generations for the parameters considered), while degeneration by genetic hitchhiking can continue over longer periods of evolution (Figure 8 ). For the specific parameters used, Muller's ratchet and genetic hitchhiking are individually responsible for the inactivation of a similar number of genes. Thus, if Muller's ratchet and genetic hitchhiking simultaneously operate to cause Y degeneration, Muller's ratchet is more important in the early stages of Y degeneration, while genetic hitchhiking dominates later on.
DISCUSSION
The dynamics of Y degeneration over time: Y chromosomes originate from ordinary autosomes and degenerate by accumulating deleterious mutations.
Here, I show that positive and negative selection models have strikingly different temporal dynamics over the course of Y degeneration. Muller's ratchet and background selection are more likely to contribute to degeneration in the very early stages on gene-rich Y chromosomes, but their contribution diminishes rapidly over time. Genetic hitchhiking, on the other hand, can continue to contribute to degeneration over longer periods of time and is probably most important for Y chromosomes of intermediate age (Filatov et al. 2000; Bachtrog 2004 ) and very old Y chromosomes (Zurovcova and Eanes 1999; Gerrard and Filatov 2005) . While degeneration can proceed very rapidly on newly formed Y chromosomes, the rate of degeneration by all three of these modes of selection eventually diminishes and becomes exceedingly slow on old gene-poor Y's. Note, however, that only a very simple scenario of Y evolution is explored and I ignore evolutionary responses on the X chromosome, such as the acquisition of dosage compensation. Little is known about the evolution of dosage compensation, but compensation could involve several genes at once (the block model of dosage compensation). If dosage compensation indeed evolves in a blockwise manner, the rate of Y degeneration would decrease much less rapidly, and Y degeneration at dosage-compensated genes could actually become adaptive. It will be of interest to study more complex models of Y evolution that take into account the evolutionary dynamics of X chromosomes.
Modeling assumptions: Here, only simple models of Y degeneration are examined. For example, the genetic hitchhiking model studied assumes that strongly beneficial mutations drag along to fixation deleterious alleles that knock out the function of a gene. Inactivation of genes is assumed to be irreversible. Since the frequency of back mutations to a given allele is usually considerably lower than the forward mutation rate to null alleles, this model should apply if deleterious mutations completely inactivate a gene. However, more complex (and realistic) models of genetic hitchhiking are possible, where beneficial mutations restore a previous malfunctional gene. In this case, degeneration would proceed slower than under the model considered here. In addition, if genes accumulate slightly deleterious mutations, the beneficial mutation rate at a given gene might actually increase the farther it is from its optimum fitness. Under this scenario, genetic hitchhiking should become all the more important for older Y chromosomes that have accumulated slightly deleterious mutations at many genes.
Another simplification of the models considered is assuming a simplistic distribution of mutational effects (either a constant selection coefficient or a two-class model of selective effects). Mutations in natural populations cover a wide distribution of fitness effects, both for beneficial and for deleterious alleles (Orr 2003; Yampolsky et al. 2005; Eyre-Walker et al. 2006) . However, little is known about the empirical distribution of selective effects of newly arising mutations. In addition, no theoretical approximations have been obtained to study the rate of any of the Y degeneration models considered for a distribution of selective effects. In the Muller's ratchet model analyzed, a constant selection coefficient for deleterious mutations is assumed. As the number of functional genes remaining on the Y chromosome declines over time, the number of Y chromosomes in the best class increases until eventually the ratchet stops. A distribution of selection coefficients, however, could result in sufficiently many mutations with very small selection coefficients causing the number of individuals in the best class to be small over longer time periods. In this case, Muller's ratchet may continue to operate even on gene-poor Y chromosomes. To gain intuitions on the dynamics of Muller's Figure 1 . In this example, s d ¼ 3.5% (as in Figure 1C ). Genetic hitchhiking will not operate unless s a . s d .
ratchet with a distribution of selection coefficients, I performed forward simulations modeling two classes of deleterious mutations (see Figure 7) . I show that for a given mutation rate, degeneration resulting from a twoclass model of selective effects will always be less than using a single value of deleterious effects that maximize degeneration. Also, for deleterious mutations of very small effects, the assumption of irreversibility of mutations (and thus the presence of Muller's ratchet) will also break down, and back mutations would need to be incorporated into the model. Similar considerations of ignoring a distribution of deleterious fitness effects apply to the background selection model. That is, the slowdown in the rate of degeneration may be overestimated by assuming discrete classes of deleterious mutations. Thus, it will be of great interest for future research to examine the evolutionary dynamics of Muller's ratchet and background selection, assuming a distribution of selective effects. In particular, a distribution of selective effects of negative mutations will allow Bachtrog and Gordo (2004) , while the observed points are from computer simulations. I model N e ¼ 10,000 Y chromosomes that initially carry g ¼ 2000 active genes. The total mutation rate per gene u is assumed to be 5 3 10 À5 (i.e., corresponding to a chromosomewide mutation rate of 0.1). Selection coefficients against deleterious mutations were set to s d ¼ 1.5%, and beneficial mutations of effect s a ¼ 6% are assumed to occur at a fraction 10 À5 of the total mutation rate. the joint evaluation of Muller's ratchet and background selection, instead of treating them as separate processes.
Also, the genetic hitchhiking model examined considers only constant effects of beneficial mutations. The evolutionary dynamics of genetic hitchhiking, however, may be less sensitive to the underlying distribution of selective effects of beneficial mutations, as long as there are sufficiently many mutations that have an advantage that is greater than the negative fitness effects of segregating deleterious mutations. If most beneficial mutations have only very weak fitness benefits (such that s a , s d for most mutations), genetic hitchhiking will become less important.
Modeling the evolution of the mammalian Y chromosome: The theoretical considerations above have important implications for the evolution of the mammalian Y chromosome. Not all of the $1000 original genes in the differentiated region of the human Y chromosome stopped recombining simultaneously on the Y (Lahn and Page 1999; Skaletsky et al. 2003) . Instead, mammalian sex chromosome evolution was probably punctuated by at least four independent events, each suppressing recombination for specific regions at different evolutionary time points (Lahn and Page 1999) . Using mutation and selection parameters estimated for humans (Yampolsky et al. 2005; EyreWalker et al. 2006) , we can estimate the relative importance of positive and negative selection in mammalian Y chromosome degeneration (see Figure 9) . If the mammalian Y chromosome had formed as a single nonrecombining unit 300 MYA, we estimate that $40% of the degeneration would have resulted from genetic hitchhiking and 60% by Muller's ratchet (using the parameters described in Figure 9 ). Using the same population and mutation parameters, but accounting for the observed mosaic structure of the mammalian Y chromosome, however, we estimate that genetic hitchhiking would have caused almost 75% of degeneration. Clearly, the absolute contributions of positive and negative selection to Y chromosome degeneration will depend on the exact parameter values of beneficial and deleterious mutations (see Figures 2-8) . In general, Figure 9 .-Temporal dynamics of mammalian Y chromosome evolution. Different parts of the mammalian sex chromosomes (strata 1-4) were incorporated into the nonrecombining region at different times (Lahn and Page 1999; Skaletsky et al. 2003) . A distribution of selection coefficients for deleterious mutations has recently been estimated (Yampolsky et al. 2005; Eyre-Walker et al. 2006) , and three types of mutations are modeled here: beneficial mutations (s a ¼ 1%) (Voight et al. 2006 ) occurring at a fraction f ¼ 10 À5 of the total mutation rate, strongly deleterious mutations that cause a reduction in the effective population size of Y chromosomes but do not accumulate (s d,BS ¼ 1%; f ¼ 0.25), and deleterious mutations of intermediate effect that accumulate under Muller's ratchet (s d,MR ¼ 0.1%; f ¼ 0.15). The remaining mutations are either effectively neutral (f ¼ 0.2) or strongly deleterious and cause only a negligible reduction in N e (f ¼ 0.4) (Yampolsky et al. 2005; Eyre-Walker et al. 2006) . The total mutation rate is assumed to be 3.6 3 10 À5 /gene and generation (Eyre-Walker and Keightley 1999). I assume a population size for mammals of 5 3 10 5 males and a generation time of 1 year. Under these parameters, deleterious mutations of effect s d,MR can accumulate either by Muller's ratchet or by hitchhiking with beneficial mutations, and I modify the approximation proposed by Bachtrog and Gordo (2004) to calculate the rate of degeneration (see Figure 8) . Each fixation of a deleterious mutation is assumed to inactivate a gene. The red line indicates genes remaining on the hypothetical Y chromosome, assuming that all 1000 genes stopped recombining at once (i.e., ignoring the evolutionary strata on the mammalian Y), while the green line accounts for the different ages of strata observed on the mammalian Y. The gray line shows Y degeneration ignoring beneficial mutations. The black arrows indicate the origin of the mammalian sex chromosomes $300 MYA, the present time, and the projected future after an additional 300 MY. Under the joint Muller's ratchet plus hitchhiking model, the Y chromosome of mammals is predicted to have $70 genes remaining at the present, which is close to the observed 78 protein-coding genes on the human Y (Skaletsky et al. 2003) . Under the same model, the Y is predicted to still harbor $20 genes 300 MY in the future (ignoring future recruitment of new genes by additional fusions or transpositions).
however, if recombination between the sex chromosomes is restricted gradually as has been found for other species, including birds (Handley et al. 2004 ) and some plants (Filatov 2005; Nicolas et al. 2005) , this reduces the general importance of Muller's ratchet and background selection relative to genetic hitchhiking as a cause for Y chromosome degeneration.
Further, while degeneration can proceed very rapidly on newly formed Y chromosomes (or whenever new strata are added to the Y), the rate of degeneration by both positive and negative selection models eventually diminishes and becomes exceedingly slow on ancient gene-poor Y chromosomes. For example, at the rate of degeneration inferred for the mammalian Y, the human Y would still have $20 genes left in another 300 MY (Figure 9 ). Of course, the continued accumulation of new genes via additional autosomal fusions or transposition (Graves 2006) will also contribute to maintaining active genes on the Y chromosome. Moreover, if some of these genes are essential for males (i.e., s d ¼ 1), the probability of losing such a gene would be extremely small (Crow and Kimura 1970) . These considerations imply that predictions of the future loss of all functional genes on the human Y chromosome within 10 MY (Aitken and Marshall Graves 2002; Graves 2004 Graves , 2006 are not supported by theoretical models of Y chromosome degeneration. Instead, evolutionary theory suggests that the Y chromosome of humans is likely to survive for the foreseeable future.
